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Abstract: Here, the role of methylation in regulation of rat Oct4 gene was evaluated during embryonic development, in
adult tissues and in embryo-derived cells. First, the region 3.1 kb upstream to the rat Oct4 ATG site was cloned and se-
quenced. The rat Oct4 upstream sequence was similar to that in bovine, mouse and human with two upstream elements:
proximal (PE) and distal enhancers (DE) and four homology conserved regions (CR1-4). The conserved regions in the rat
have 69% - 96% homology with bovine, human, mouse sequences. Next, the methylation pattern in the promoter was de-
termined during embryonic development, in adult tissues, in rat embryonic stem cell (ESC)-like cells and umbilical cord-
derived cells (the feeder for ESC-like cells) using the bisulfite method and DNA sequencing. The promoter was methy-
lated in adult and fetal tissues, and in days post coitus (DPC) 10.5 and 12.5 embryos and hypomethylated in DPC4.5 em-
bryos and in rat ESC-like cells. The expression of Oct4 was evaluated by gRT-PCR. DPC4.5 embryos and rat ESC-like
cells had higher expression of the Oct4 gene compared to DPC10.5 and 12.5 embryos, adult tissues and embryoid bodies
derived from rat ESC-like cells. Thus, the methylation status correlated with the qRT-PCR results. These results indicate
that the rat Oct4 3.1kb promoter region is organized and contains transcription binding and regulatory sites similar to
those described for bovine, mouse and human. The rat Oct4 promoter is methylated during embryonic development after

4.5 DPC and during differentiation of rat ESC-like cells to embryoid bodies.

INTRODUCTION

By the cloning of various mammalian somatic cell nuclei
and by the fusion of somatic cells with embryonic stem cells
(ESCs), it has been demonstrated that the nuclei of differen-
tiated somatic cells are genetically equivalent to zygotic nu-
clei and that somatic cells can be reprogrammed into pluripo-
tent cells [1-3]. The recent studies from Tanaka’s, Jaenisch’s
and Thomson’s labs show that the adult somatic cells can be
reprogrammed back into embryonic-like pluripotent stem
cells in vitro and indicate that expression of a few transcrip-
tion factors are enough to induce pluripotency in adult so-
matic cells, e.g., reprogram the cells to embryonic-like pluri-
potent stem cells (e.g., [1-7]). The Pou family member, Oct4
is one of the few transcription factors which can reprogram
adult somatic cells into pluripotent stem cells.

The Oct4 (Pou5f1) gene encodes a transcription factor
and is specifically expressed in the inner cell mass (ICM),
ESCs and germ cells at high levels [8]. Most cells lose Oct4
expression as they differentiate into somatic tissues and
Oct4-deficient embryos and ESCs spontaneously differenti-
ate into trophectoderm cells [9, 10]. The expression of Oct4
is essential for ESCs to establish and maintain pluripotency;
and understanding the functional regulation of Oct4 gene
expression is central to understanding pluripotency and the
downstream developmental program.
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One major modification of genes and the genome is DNA
methylation which suppresses expression of methylated
genes [11-13]. In mouse, the promoter of Oct4 gene is dis-
tinctly methylated in somatic cells and is not expressed. In
contrast, the promoter of Oct4 is unmethylated in undifferen-
tiated ESCs and embryonal carcinoma (EC) cells which ex-
press the Oct4 gene [14-16]. Therefore, methylation of the
Oct4 promoter is one important mechanism of Oct4 gene
expression regulation. Here, we cloned the Fischer 344
(F344) rat Oct4 3.1 kb upstream to the ATG and character-
ized this region during embryonic development by analyzing
the methylation pattern of the Oct4 promoter at -217, -207, -
165, -113, -43, -24, and -19 bp from the translation start site
(designated as +1) in rat embryos, and contrasted that pattern
with that seen in adult cells from liver and testes, rat umbili-
cal cord mesenchymal stromal cells, rat ESC-like cells (e.g.
cells derived from the blastocyst inner cell mast and main-
tain in vitro for 3-9 passages). Finally, quantitative RT-PCR
was used to evaluate Oct4 expression in these tissues and in
embryoid bodies derived from rat ESC-like cells. The results
indicate that the regulatory elements in the 3.1 kb upstream
from the ATG include a proximal promoter region and a
proximal and distal enhancer region. Within these elements
are four conserved regions (CR). CR1, 2 and 4 of the rat con-
tains putative transcription factor and hormone binding sites
that are likely to play a key role in regulation of Oct4 trans-
cription. Next, the methylation pattern of the F344 rat Oct4
promoter was evaluated during development days post coitus
(DPC) 4.5-12.5 and in adult tissues, in umbilical cord mes-
enchymal stromal cells, and rat embryonic-like stem cells
(ESCs). The promoter was methylated in DPC 10.5, DPC
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12.5 and adult tissues and in umbilical cord derived tissues,
but not in rat ESCs or in DPC 4.5 embryos. The methylation
of the promoter paralleled inversely with the Oct4 gene ex-
pression determined by gRT-PCR. Specifically, higher levels
of gene expression was observed in DPC 4.5 and ESC cells
at passage 3 and 9 than in adult tissues, umbilical cord tis-
sues, DPC 10.5 and 12.5 and in rat ESC-like cells different-
iated to embryoid bodies.

MATERIALS AND METHODS
Cloning DNA of Oct4 Upstream to the ATG

The rat mRNA sequence of rat Oct4 was obtained from
Genbank (accession no. NM_001009178) and blasted to the
rat genome. Next, 3.1kb of rat genomic DNA upstream to
the Oct4 ATG was obtained from Genbank and from this we
generated primers (Forward: 5’-GGG GAA GGT GGG CTC
CCC GA-3’; Reverse: 5’-CCT GGG GAC TCT GAT GGT
TA-3%). Genomic DNA was extracted using the Wizard Ge-
nomic DNA Purification Kit (Promega) from five Fischer
344 rats (IACUC approval was obtained for all animal
work). To amplify genomic DNA, PCR was performed un-
der the following condition: the initial denaturation of 5 min
at 95 °C; 35 cycles of 30 sec at 94°C, 30 sec at 54 °C, 4 min
at 68 °C and the final extension of 30 min at 68 °C. High
fidelity Tag was used for this PCR (Invitrogen). PCR ampli-
fied a band of 3.1 kb. This DNA was isolated from the aga-
rose gel, purified and cloned using a TOPO TA cloning kit
(Invitrogen). Nine positive clones were sent for sequencing.
After sequencing, the sequences of the nine clones were
100% identity.

DNA Methylation
Collection of Embryos and Culture Cells

Time-pregnant Fischer 344 (F344) rats were used to ob-
tain embryos (coitus was determined by sperm in vaginal
lavage fluid following overnight housing with proven studs;
conception was assumed to take place at midnight, DPC 0).
Embryos were collected on day 4 after conception (D4.5),
D8.5, D10.5, D12.5. Embryo-derived cells were derived
from the inner cell mass from D4.5 embryos using standard
methods with modification (details available from the
authors). Adult liver, brain and testes tissues were collected
from adult F344 following humane sacrifice. Rat umbilical
cord cells were collected following human sacrifice of time
pregnant dams at D19.

Bisulfite DNA Methylation Analysis:

The extraction of genomic DNA and bisulfite mutagene-
sis sequencing analysis were conducted by Wizard Genomic
DNA Purification Kit (Promega, Madison,WI) and EZ DNA
Methylation Kit (Zymo Research, Orange, CA) respectively
[17]. The mutagenized DNAs were amplified by PCR as
follows: the initial denaturation at 95°C for 5min, 35 cycles
of [94°C for 1min, 53°C for 30sec, and 72°C for 30sec, and
the final extension at 72°C for 3min]. The PCR products
were run on an agarose gel and the amplified DNA bands
were purified by Gel Extraction Kit (QIAGEN). The purified
PCR products were ligated into the TOPO TA plasmid (Invi-
trogen) for sequencing. The PCR primers used were for me-
thylation analysis were: Forward 5’-GTGATGGGGATTT
AAGTAATTGGTTTT-3’; Reverse 5’-TCTAAAACCAAAT
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ATCCAACCATAA-3’. This primer produced a 375 bp
fragment referenced to Genebank number: EU419996 as
2710-3085.

Quantitative Reverse Transcription- Polymerase Chain
Reaction (QRT-PCR)

Total RNA was isolated by RNeasy micro kit using
manufacture’s protocol (QIAGEN, cat # 74004) with on-
column DNase | digestion from adult rat liver, brain, testes,
rat embryos at D4.5, D8.5, D10.5, D12.5 of development, rat
embryonic stem cell-like cells (ESC-like, passage 3, 6, 12)
and rat umbilical cord mesenchymal stromal cells (passages
1-7, the mitotically-inactivated feeder layer (data from a few
passages is shown), and from rat ESC-like cells that were
plated on low-adherence dishes in feeder-free conditions
without cytokines for 1 and 2 weeks and allowed to form
embryoid bodies (EB). Total RNA was reverse transcribed
using Superscript 1l first strand synthesis system for RT-
PCR (Invitrogen, cat # 18080-051). The concentration and
guality of the cDNA (and the genomic DNA contamination)
was evaluated by Nanodrop and by PCR for porphobilinogen
deaminase (PBGD, also called hydroxymethylbilane syn-
thase), a low-abundance housekeeping gene, using a primer
pair that spans an intron. The gRT-PCR was done in dupli-
cate and at two concentrations of starting total RNA using
Sybr/ Fluoroscein Green PCR Master Mix (SABiosciences,
cat # PA-011) on a Bio-Rad iCycler (program: 95°C for 15
minutes, followed by 45 cycles of 95°C for 15 sec, 56°C for
15 sec, and 60°C for 1 min). Following the qRT-PCR pro-
gram, the products were subjected to melting point analysis
to confirm amplification of a single product. The real time
primers for rat PBGD (163 bp) Forward- 5°- GCA CGG
CAG CTT AAT GAT GT-3’; reverse- 5’-CAA GGC CGA
AGT CTC AAC AC-3’; rat Oct4 (132 bp) forward- 5’-AGA
ACC GTG TGA GGT GGA AC-3’; reverse- 5°-GCC GGT
TAC AGA ACC ACA CT-3".

RESULTS
Comparison of the Sequences

The 3.1kb DNA sequence upstream to the ATG was sent
to Genbank (Genbank accession no. EU419996). The rat
Oct4 gene upstream promoter sequence, like mouse, human
and bovine, has four conserved regions (CR1-4). Fig. (1)
shows the alignment of the four conserved regions (CR1,
CR2, CR3 and CR4) in the human, bovine, mouse and rat
Oct4 gene orthologs. CRs have high GC content and high
homology between the four species, from 70% to 96%
(Table 1). As shown in Fig. (1), CR1 corresponds to nucleo-
tides -129/-1 (F344 rat); CR2 to -947/-747; CR3 to -1310/-
1205 and CR4 to -2030/-1900 respectively. The putative
Sp1/Sp3 binding site (5’-GGGGGCGGGG-3’) and HRE
regions 1-3 show 100% homology in all four species, as does
the putative SF-1 site. In CR2, Region 1B of the proximal
enhancer was identified [18], as was a putative Nanog, E-
box/Mash-2 and ESSRB binding site [19]. Two putative SF-
1 binding sites were identified [20]. CR3 had a central region
that was conserved -1285/-1272). In CR4, Region 2A and 2B
of the distal enhancer [21]. A schematic map of the four con-
served regions (CR) of the Oct4 5’ upstream region from the
human, bovine, mouse and rat orthologs is depicted in Fig.
(2A) (Figure modified from [22]).
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-113 methylation site
GC-1 SF-1
A H-CR1 -130 CCACC CATCC AGGGG GCGGG GCCAG|AGGTC AAGGC TAGTG GGTGG GACTG GGGAG GGAGA -71
B-CR1 -130 CCACC CATCC AGGGG GCGGG GCCAG AGGTC AAGGC TAGTG GGTGG GATTG GGGAG GGAGA -71
M-CR1 -126 CCACC CACCC AGGGG GCGGG GCCAG|AGGTC AAGGC TAGAG GGTGG GATTG GGGAG GGAGA -67
R-CR1 -129 CCACC CACCC AGGGG GCGGG GCCAG|AGGTC AAGGC TAGAG GGTGG GATTG GGGAG GGAGA -70
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B-CR1 -70  GAGGT GTTGA GCAGT CTCTA GGAGA TCCCT CGTTT TCCTA GGCCC CCGGC TCGGG GTGCC -11
M-CR1 -66 GGTG- ---AA ACCGT CCCTA GGTGA GCCGT CTTTC CACCA GGCCC CCGGC TCGGG GTGCC -11

R-CR1 -69 GAGGT GC-AA ACAGT CCCTA GGTGA GTCGT CCTTC CACCA GGCCC CCGGC TCGGG GAGCC -11
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H-CR2 -1510 GGGGA TTGGGACT-- --GGG GGGTT GGGGA GCAGG AAGCA GTCCC CAGGG GAGCC ATCCA -1455
B BcRe 1360 GGGGA TTGEGGCT-- GGG GG-TT GGGGE GO-GG AAGCT GTOCC CAGGS GAGCC ATCOA -1307
M-CR2 -1037 GGGGA TTGGG GCTCA GGAGG GGGTT GGGGA GCAGG AAGTT GTCCC CAGGG GAGCC ATCCT  -978
R-CR2 -947 AGGGA TTGGGGCTCC GGAGG GGGTT GGGGA GCAGG AAGTT CCCCC CAGGG GAGCC ATCCA -888
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B-CR2 -1308 GGCCC ATTCA AGGGT

IGAGC ACTTG TTTAG GGTTA GAGCT GCCCC CTCTG GGGAC CGGGA-1395
IGAGC ACTTG TTTAG GGTTA GAGCT GCCCC -TCTG GGGAC CAGGA -1248
M-CR2 -977 GGCCC ATTCA AGGGT TGAGT ACTTG TTTAG GGTTA GAGCT GCCCC -TCTG GGGAC CAGGA -919
R-CR2 -887 GGCCC ATTCA AGGGT TGAGT AGTTG TTTAG GGTTA AAGCT GCCCC CTCTG GGGAC CAGGA -828
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B-CR2 -1247 TTGTC CAGCCAAGGC CATTG TCCGG GCCCC TTCCC CC-AG TCCCT CCCAA GCCCC TTTGA -1189
M-CR2 -918 TTGTC CAGCCAAGGC CATTG TCCTG CCCCC TTCCC CC-AG TCCCT CCCAG GCCCC TTTGA  -860
R-CR2 -827 TTGTC CAGCCAAGGC CATTG TCCTG CCCCC TTCCC CCCAG TCCCT CCCAG GCCCC TTTGA  -768
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Fig. (1). Alignment of the rat (R) Oct-4 proximal promoter 5’upstream sequences with its human (H), bovine (B) and mouse (M) orthologs.
(A) Alignment of the conserved region 1 (CR1), or proximal Oct-4 promoter. The putative Sp1/Sp3 binding site (5’-GGGGGCGGGG-3’)
[41, 59] (rat -118/-109) has been bolded and gray, and the overlapping HRE (5’-GGGCCAGAGGTCAAGGCTA-3’; [41]; rat -111/-93) has
been underlined. Both the Sp1/Sp3 site and the HRE are conserved in the human, bovine, mouse and rat Oct-4 5’ upstream regions. The R1,
R2 and R3 regions of the HRE are located at rat sequences -111/-106, -104/-99 and -98/-93, respectively are indicated (HRE1-HRE3 as
noted). DR1 is located between the R1 and R2 (rat -105). Two GC rich regions have been boxed in gray boxes. The putative methylation site
at -113 within Sp1/Sp3 and GC-1 has been indicated. Two GGG(T/A)GGG domains 3’ to HRE are indicated by bolded text. The SF-1 bind-
ing site within HRE is indicated by a gray box. (B) Alignment of the conserved region 2 (CR2). Region 1B (5’-TCCAGGCCCATTCAAGGG
TTGAGTAG-3’; [18], rat -892/-866) of the proximal enhancer (PE) is indicated by the line underneath. Within region 1B, a SF-1 binding site
is indicated by a gray box. The putative Nanog binding site is indicated overlapping region 1B by the line on top. Overlapping the 3’ border
of Region 1b is a putative E-box/Mash2 binding site (indicated by gray box). The ESRRB putative binding site is indicated overlapping with
a second SF-1 site. A CCCTCCC motif is indicated by bolded text. (C) Alignment of the conserved region 3 (CR3), and (D) the conserved
region 4 (CR4). Region 2A (5’-GCCCGCCCCTCCCCCCTT-3") [41] (rat -2020/-2003) of the distal enhancer (DE) has been underlined in
CR4A. The putative Oct4 Sox2 binding domain is indicated with Region 2b by the gray box. Regions CR4a-c are indicated by the line on top.
A conserved GGGAGGG motif is indicated by bold text. The bovine sequences are from [60] (Genbank accession no. AF022986). The hu-
man and mouse promoter sequences from [61] (Genbank accession no. Z11900) and [62] (Genbank accession no. AJ297528). The rat se-
quences are from Genbank accession no. EU419996. (Figure modified from reference [22]). Nucleotides have been numbered relative to the
translational start site and are indicated at the beginning of the alignment, and at the right of each sequence. Asterisk denotes nucleotides that
are identical between the four species. Dashes between nucleotides serve to align the sequences.
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Table 1.
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Homology between Rat, Human, Mouse, and Bovine Conserved Regions

Conserved Region
(CR)

r-h (%) Equal
bp/Total bp

r-m (%) Equal
bp/Total bp

r-b (%) Equal
bp/Total bp

h-m (%) Equal
bp/Total bp

h-b (%) Equal
bp/Total bp

m-b (%) Equal
bp/Total bp

CR1 84% 96%

86%

84% 88% 86%

CR2 92% 95%

93%

94% 95% 95%

CR3 75% 88%

7%

77% 80% 81%

CR4 7% 80%

70%

71% 86% 70%

r refers to rat sequences, h refers to human sequences, m refers to mouse sequences, b refers to bovine sequences.

Methylation Sites of the Oct4 Gene

As schematized in Fig. (2B), the Oct4 gene has two dis-
tinct enhancers, a distal enhancer (DE) and a proximal en-
hancer (PE), which drive the cell type-specific expression of
the Oct4 gene [23, 24], upstream from the proximal (mini-
mal) promoter. An analysis of the CG sites from 3.1 kb 5’ to
the ATG through the exons and introns of the Oct4 gene
reveals that more potential methylation sites fall within ex-
ons 1-5 and intron 1 than in the proximal promoter (see Fig.
3). In other species, there are more CpG islands in the PE
which means that it is important for regulation of Oct4 gene
expression [15, 17].

A

Human
Bovine
Mouse

Rat

CR4 CR3 CR2

e
e

Methylation of the Minimal Promoter of Oct4 during
Development, in Adult Tissues and in Rat ESC-Like
Cells

Here, we investigated the methylation status of CpG of
the region 5’ to the Oct4 gene ATG containing the proximal
promoter region (-217, -207, -165, -113, -43, -24, -19 bp
from the translation start site (designated as +1) by sodium
bisulfate genomic sequencing in rat embryo-derived cells
(called ESC-like cells here), D4.5, D10.5, D12.5 embryos
(Fig. 4A) and F344 rat adult liver (Fig. 4B). In two inde-
pendent trials, ten clones of each sample were sequenced.
The 7 CpGs in this region comprise all the CpGs in the F344

CR1

EXON1

By

Sp1/Sp3 + HRE site
ATG

Distal enhancer region 2A

 Proximal enhancer region 1B
Proximal enhancer region 1A

Fig. (2). (A) Schematic representation of the Oct-4 5’ proximal promoter upstream region in the rat, human, bovine, and mouse orthologs,
denoting the relative size and location of each of the conserved regions (CR). CR 1 is represented by a white square, CR 2 by a black square,
CR 3 by a light gray square, and CR 4 by a dark gray square. CR 1 is located at —129/-1 in the rat sequence and is located at —126/-1 in the
mouse sequence and at —130/-1 in the human and bovine sequences. CR 2 is located at —947/-747, —1037/-839, -1360/-1168 and —1510/-
1315; CR 3 is located at -1310/-1205, -1376/-1272, -1769/-1663 and -1956/-1852 1956/—1852, and CR 4 is located at -2030/-1900, —2080/-
1950, —2361/-2229, and —2557/-2425 in the rat, mouse, bovine, and human sequences, respectively. An arrow denotes the direction of Oct-4
gene transcription. (B) Schematic representation of the rat Oct-4 5* proximal promoter upstream region denoting the location of specific dis-
tal enhancer (DE) and proximal enhancer (PE) sites with respect to the CRs. CR 1, CR 2, CR 3, and CR 4 are located at sequences —129/-1,
—947/-747, —1310/-1205, and —2557/-1900, respectively. Site 2A [41] of the DE is located at sequence —2020/—2003 in CR 4; site 1A [18]
of the PE is located at sequence —1094/—1073 between CR 3 and CR 2. An arrow denotes the direction of Oct-4 gene transcription and the
ATG location. The yellow box indicates the region analyzed for methylation. (Figure modified from [22]).
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Density of potential methylation
sites around Rat Oct4 gene

ATG
5

| e
AR NN

286 bp examined for methylation

. Location (Relative to Oct4 ATG)
' 500 bp per column

Oct4 gene

3

CR4 CR3CR2 CR1 exon 1exon 2 exon 3exon 4exon 5

Fig. (3). Distribution of CG sites from -3000 to +9500 (ATG = +1) of the Oct4 gene. Top: The number of CG sites in each 500 bp is shown.
Bottom: Drawn to scale, a schema of the important elements of the Oct4 gene. The dotted lines indicate the corresponding methylation in
exon 1, and exons 2-3 and exons 4-5. Note the relatively higher numbers of CG sites found in exons 1, exons 2-3 and exons 4-5 and that
intron 1 has a region of high number of CG sites. Note that the proximal promoter region (yellow bar 5’ to the Oct4 ATG) does not have a

large number of CG sites.

rat Oct4 minimal promoter, 4 of the CpGs are found in CR1
(indicated in Fig. 1A). In D4.5 embryos, very low levels of
methylation were detected (0% in one trial and 1% in the
other). In rat ESC-like cells, low levels of methylation were
detected, too (1% in one trial and 9% in the second trial, see
Fig. 4B). Thus, undifferentiated rat ESC-like cells are hy-
pomethylated (comparing Fig. 4A and Fig. 4B). In D10.5,
more methylation was found (26% of the CpG sites in one
trial and 51% in the other). In D12.5, higher levels of methy-
lation were detected (60% of the CpG sites in one trial and
64% in the other trial). The methylation in adult tissues was
similar to that of D12.5 embryos: adult liver (67% of the
CpG sites methylated in one trial and 59% in the second,
Fig. 4B and 4D), adult testis (54% methylated, Fig. 4D). The
methylation status of F344 rat umbilical cord mesenchymal
stromal cells (feeder layer for the rat ESC-like cells) was
evaluated at P1 through P7, Fig. 4C). The umbilical cord
tissue was methylated like D12.5 embryos and adult tissues
(63-84% methylated in the different trials). The Oct4 pro-
moter region is methylated during development, mostly at
sites -40, -113, -165, -207 and -217 (5’ to the start site). Note
that methylation at site -113 lies within the Sp1 binding site.
In data not shown, the methylation status of Oct4 in bone
marrow mesenchymal stromal cells was evaluated and was
not different from other adult tissues. A box and whisker plot
of the methylation data is shown in Fig. (5). As shown in
Fig. (5), the promoter of Oct4 is hypomethylated in rat ESC-
like cells and D4.5 embryos, relative to adult liver and D10.5
and D12.5 embryos and rat umbilical cord mesenchymal
stromal cells (RUC).

gRT-PCR Results

To independently evaluate the methylation status of the
Oct4 proximal promoter, expression of the Oct4 gene was
determined from total RNA was collected from D4.5, D10.5,

D12.5, adult liver and adult brain, blastocyst-derived cells at
passage 3 and passage 9, and embryoid bodies after 7 days
and 14 days of differentiation. These results are shown in
Fig. (6). Oct4 and PBGD were run in duplicate at two differ-
ent concentrations of total RNA (4 and 40 ng). The Ct values
for the PBDG (a low-abundance housekeeping gene used to
standardize the data) averaged 26.6 + 0.2 (average + SEM,;
range 24.35 --33.7) for 4 ng starting total RNA and 22.9 +
0.6 (range 20.5 — 30.5) for 40 ng. The D4.5 embryos ex-
pressed Oct4 at relatively high levels, indicated by the delta
Ct value of -2.9 and -3.15 (for 4 and 40 ng starting total
RNA). In contrast, Oct4 expression was lower in D10.5 and
D12.5 embryos indicated by delta Ct values in the 6.2 -- 8.85
range (for 4 and 40 ng starting total RNA). The delta Ct val-
ues for Oct4 for adult brain ranged from 2.9 — 7.55 and for
adult liver ranged from 5.2 — 11.65. These values suggest
that Oct4 expression in adult liver and brain was similar to
the expression level in D10.5 and D12.5 embryos. The rat
blastocyst-derived cells were evaluated at passage 3 and 9.
The delta Ct value of the embryonic stem cell-like cells was
-2.15 — 2.8 and there was a trend for the earlier passage cells
to have higher expression than the passage 9 cells. Thus, the
Oct4 expression of the ESC-like cells was similar to D4.5
embryos. Following differentiation of ESC-like cells to em-
bryoid bodies for 7 days or 14 days, the delta Ct value was
4.85 — 8.45. There was a trend for the embryoid bodies that
had been differentiated for 7 days to have higher expression
than the embryoid bodies differentiated for 14 days. The
Oct4 delta Ct values for both 7 and 14 day differentiated
embryoid bodies was similar to that observed for D10.5,
D12.5 embryos and for adult liver and brain.

DISCUSSION

Oct4 is a member of the POU homeodomain family of
transcription factors and is expressed during preimplantation
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embryonic development and in pluripotent stem cells, germ
cells and embryo carcinoma cells [25]. Oct4 is very impor-
tant for the maintenance of pluripotency [10] and overex-
pression of Oct4 and KIf4 in combination with small mole-
cule compounds is sufficient to induce pluripotent stem cells
to form from mouse embryonic fibroblasts [26] or Oct4 and
Sox2 in the case of human fibroblasts [27]. Oct4 acts as a
transcriptional regulator that activates genes that are critical
to maintain the pluripotent state and represses genes that
induce differentiation [28]. Overexpression of the Oct4 gene
in mouse embryonic stem cells results in the primitive endo-
derm and downregulation of Oct4 results in ESC differentia-
tion [10]. Differences are found between rat and mouse epi-
blasts [29], and it has been difficult to initiate rat embryonic
stem cells and maintain them in the undifferentiated state
[30-35]; problems with initiating and maintaining rat ESCs
are no longer relevant [36-38]. For these reasons, we sought
to evaluate whether differences would be found in promoter
and enhancers upstream of the Oct4 gene in the rat, human
and mouse. Next, since methylation of the Oct4 proximal
promoter is a epigenetic regulator of the during development
[15, 39] in human and mouse cells, we sought to evaluate the
methylation status of the rat Oct4 proximal promoter region
during embryonic development, in rat embryo-derived stem
cells and in adult tissues. We showed a high degree of simi-
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larity of the organization of the rat Oct4 upstream elements
including proximal and distal enhancer elements and the
minimal promoter, to mouse, bovine and human. In addition,
we found a parallel between the methylation status of the
minimal promoter and Oct4 gene expression determined by
gRT-PCR. Finally, the downregulation of the rat Oct4 gene
during embryonic development follows a similar time course
to what has been described in mouse.

Oct4 gene expression during development is orchestrated
by a complex arrangement of regulatory elements. The pro-
tein levels of the master regulators, Oct4, Nanog and Sox2,
are regulated by both autoregulatory and feed-forward tran-
scriptional mechanisms in a program that determines the
timing of differentiation. Oct4, Nanog and Sox2 modulate
the expression of Oct4 by binding to and activating the Oct4
promoter [40]. In addition, previous studies have found, in
mouse ESCs and ECs, that Oct4 expression is controlled by
two separate enhancer elements in the upstream to a TATA-
less minimal promoter [23, 41]. The distal enhancer is active
in the undifferentiated ESCs, the inner cell mass (ICM) and
primordial germ cells [23], and is the site of the putative
Oct4 Sox2 binding site [42]. The proximal enhancer is active
in EC and primitive ectoderm and contains retinoic acid re-
sponse elements that downregulate Oct4 expression [18].
The proximal enhancer is also the site of Nanog binding site
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Fig. (4). DNA methylation status of the Fischer 344 (F344) rat Oct4 proximal promoter region. DNA methylation profile of the individual
CpG sites in the Oct4 upstream region (-19 to -217) in (A) F344 rat embryos at D4.5, D10.5, D12.5, and (B) F344 rat embryonic stem cell-
like cells and F344 adult rat liver and (C) in F344 rat umbilical cord mesenchymal stromal cells (RUC) at P1-3, left and P5-7 right, and (D)
F344 rat adult testes and liver by sodium bisulfate sequencing. The map at the top indicates the CpG dinucleotide location within the Oct4
proximal promoter region relative to the start site. Each PCR product was subcloned and 10 clones sequenced. Except for the adult testes, the
results from two independent trials are shown (independent genomic DNA samples used). The methylation status, either unmethylated (open
circle) or methylated (closed circle), is indicated at each CpG site. Numbers to the right indicate the average percentage of methylated sites

for each trial of 10 clones.

and estrogen response elements [19], steroid-thryoid re-
sponse elements.

Within the 3.1kb upstream of the Oct4 ATG, four con-
served regions (CR) have been identified [22]. Three of these
regions, CR1, CR3 and CR4 are very important for the regu-
lation of Oct4 gene expression. In CR1 (-129 — -1 in the rat),
four important elements are found: the Sp1/ Sp3 transcrip-
tion factor binding domain, the hormone response element
(HRE), and two GC rich domains (GC-1, -119 -- -113; GC-
2,-34 -- -24). GC-1 and the Sp1/Sp3 and HRE are conserved
between the four species. GC-2 is conserved between rat,
mouse and human. The Sp1l transcription factor is thought to
be important in the regulation of transcription in TATA-less
minimal promoters, such as Oct4 [43]. While the Sp1 site is
able to bind factors in both untreated and retinoic acid (RA)-
treated EC, the HRE binds nuclear receptor superfamily
members differentially in cells before and after RA treat-

ment. Thus, the HRE is thought to have both positive and
negative roles in Oct4 expression [41, 44-46]. Again in CR1,
proximal promoter activity is almost completely lost by dele-
tion of GC-1 (which contains the Sp1l site) and virtually un-
affected by GC-2 deletion [47]. As noted previously by
Nordhoff, two GGG(T/A)GGG elements are located 3’ to
the HRE/SF-1 domain in CR1 (-90 -- -84, -79 -- -74), these
domains are conserved and their function is unknown [22].

CR-2 contains region 1B of Okazawa [18]. Within and
adjacent to Region 1B is a putative Nanog binding site (-895
-- -874) and a putative binding site for estrogen related re-
ceptor B (ESRRB pl, -824 -- -806) [19]. Also within CR2
are two putative SF-1 binding sites, one is located within
region 1B (-882 -- -871) and the other overlaps with the
ESRRB binding site (-818 -- -810) [20]. A CCCTCCC motif
was conserved, as noted previously in mouse, human and
bovine [22].
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Comparison of methylation between groups

Average number of methylated groups
w ~ [4,] [e]

ESC D4.5 D10.5 D12.5 RUC Adult
Liver

Fig. (5). Box and whisker plot showing distribution of methylation
in the different experimental groups. Box and whisker plot indicates
90" percentile, 75" percentile, median, 25™ percentile and 10" per-
centile for each distribution. Abbreviations: ESC, rat embryonic
stem-like cells; D4.5, embryos collected at 4.5 days post coitus;
D10.5, embryos collected at 10.5 days post coitus; D12.5, embryos
collected 12.5 days post coitus; RUC, F344 rat umbilical cord mes-
enchymal stromal cells.

CR-3 lies within the distal enhancer. A conserved region
was noted 5-GAG CAGACAGACAAACACCAT-3’
(-1285/-1277). CR-4 contains the CR4a-c regions. Within
the CR4b is region 2B of Okazawa [18] and a putative Oct4
Sox2 binding region (5’-GATGCATGACAAAG-3’) [42]. In
addition, CR4 contains CCC(T/A)CCC motifs in Region 2a
(note that the domain is conserved in human and bovine and
in mouse and rat with a shift) and 3’ to region 2b in CR4c, as
previously noted in mouse, bovine and human [22].

Review of the location of potential methylation sites in-
dicated that many CG sites were located with exons 1, 2-3
and 4-5 and within intron 1. Previous studies had shown that
methylation of the proximal promoter region and proximal
enhancer correlated well with differentiation and with de-
creased expression of Oct4 [15, 39]. Furthermore, during
differentiation of human teratocarcinoma cells by retinoic
acid, methylation occurred in parallel in the proximal pro-
moter region and in exon 1. The methylation in proximal
promoter and exon 1 paralleled the suppression of Oct4 gene
expression , 39]. Deb-Rinker et al. suggested that methyla-
tion is unlikely to play a direct role in downregulation of
expression, but rather “locks in” the stable, silenced state
[39]. Clearly, the lock can be “picked” by transient overex-
pression of certain transcription factors and induction of
pluripotentcy. Similarly, recent work with rat embryonic
stem cells has shown that the Oct4 proximal promoter and
the Nanog proximal promoter are hypomethylated in undif-
ferentiated cells [38]. This corresponds with what was re-
ported here for the methylation status of the proximal pro-
moter of Oct4 in the F344 rat ESC-like cells and F344 D4.5
embryos. In addition, the proximal promoter region of Oct4
gene is hypomethylated in rat D4.5 embryos and is methy-
lated in D10.5 and D12.5 embryos and in adult cells and the
rat umbilical cord mesenchymal stromal cell feeder layer.
The methylation of the proximal promoter during develop-
ment corresponds to what has been observed in mouse em-
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bryos [23]. Significant differences were seen between the
methylation of ESC-like cells and D4.5 embryos and the
other tissues examined (see Fig. (5)). Furthermore, the meth-
ylation results correlated with quantitative reverse tran-
scriptase polymerase chain reaction (QRT-PCR). That data
showed that Oct4 mRNA is relatively abundant in D4.5 em-
bryos and in ESC-like cells at P3 and P9 and is down-
regulated during embryonic development, and in adult tissue.
Importantly, these data indicate that rat ESC-like cells ex-
press more Oct4 mRNA at passage 3 and 9 than adult liver
and brain, or D10.5 and D12.5 embryos, and similar levels of
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Fig. (6). Quantitative reverse transcription polymerase chain reac-
tion (QRT-PCR) evaluation of Oct4 gene expression. Total RNA
samples were collected from D4.5, D10.5, D12.5, Fischer 344 rat
adult brain and liver, Fischer 344 rat embryonic stem cell-like cells
at passage 3 and passage 9 and from embryonic stem cell-like cells
that had been cultured for 7 or 14 days on low-adherence dishes
without cytokines or growth factors to form embryoid bodies. Panel
A shows results obtained when 4 ng total RNA was used. Panel B
shows results obtained when 40 ng total RNA was used. Samples
were run in duplicate and averaged on a Bio-Rad iCycler. A control
gene was used as the control gene and subtracted from the Ct values
of the Oct4 to obtain Delta Ct (see Methods for details). Abbrevia-
tions: ESC, rat embryonic stem-like cells; D4.5, embryos collected
at 4.5 days post coitus; D10.5, embryos collected at 10.5 days post
coitus; D12.5, embryos collected 12.5 days post coitus; EB, F344
rat ESC-like cells were differentiated for 7 or 14 days on low ad-
herence plates in the absence of feeders, cytokines and growth fac-
tors; Ct, Threshold cycle: cycle where arbitrary threshold is ex-
ceeded (statistic is calculated by Bio-Rad software).
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Oct4 mRNA to what is observed in D4.5 embryos. In addi-
tion, the differentiation of ESC-like cells to EB resulted in a
decreased expression of Oct4 after 7 or 14 days of differen-
tiation.

Regarding the gRT-PCR data, PBGD, a low-abundance
housekeeping gene was selected as the internal control.
While PBGD has been evaluated as an internal gRT-PCR
control in other contexts [48-54],PBGD levels were not
evaluated for stability here. This assumption may influence
the accuracy of the qRT-PCR results. As reviewed by Lech-
niak, beta actin, glyceraldehyde-3-phosphate-dehydrogenase
and ribosomal RNA have been used for internal controls for
gRT-PCR in mammalian oocytes and embryos, and none of
these genes is ideal [55]. On the other hand, as reviewed
above, there are previous reports that Oct4 gene expression
is downregulated during embryonic development and follow-
ing differentiation of embryonic stem cells to form embryoid
bodies. Thus, it is unlikely that the gRT-PCR results are
grossly inaccurate.

CONCLUSION

These results suggest that the architecture of the proximal
and distal enhancers of Oct4 and the proximal promoter of
Oct4 in the F344 rat is similar to that in mouse, bovine and
human. Further, these results indicate that at least in part, the
rat Oct4 gene is regulated by DNA methylation during early
embryogenesis. With the availability of true rat ESCs, future
work comparing the Oct4 regulation machinery between rat
and mouse will be enabled [36-38]. Thus, one could investi-
gate, for example, whether orphan nuclear receptor GCNF, a
factor shown to act via binding the DRO element located in
the Oct4 proximal promoter, plays a role in methylation of
the Oct4 gene silencing during embryo development and
ESC differentiation in the rat as it does in mouse [56-58].
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